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OPTIMIZING A LIQUID PROPELLANT ROCKET ENGINE 

WITH AN - AUTOMATED -- CObE3USTOR DESIGN CODE 

--AUTOCOM 

by D. S. Hague, R .  H. Reichel,  R .  T. Jones,  and C. R .  G l a t t  

Aerophysics Research Corporation 

A d i g i t a l  computer code, .AUTOCOM, has been developed as an a ide  t o  

t h e  l i q u i d  rocket engine designer.  The code considers  t h e  combined 

e f f e c t s  of  engine performmce, s t a b i l i t y ,  p ressure  drop, i n j e c t o r  

complexity, chamber l eng th ,  chamber diameter,  and mixture r a t i o  

c h a r a c t e r i s t i c s .  The code has t h e  a b i l i t y  t o  automatical ly  def ine  

t h e  optimal chamber d e s i g  recognizing these  d ive r se  engine charac- 

t e r i s t i c s .  An optimum design i s  generated by means of func t ion  

minimization techniques operat ing on an engine r a t i n g  which measures 

t h e  a c t u a l  engine 's  payload p o t e n t i a l  l o s s  from a hypo the t i ca l  

i d e a l  combustor which has one hunclred pe r  cent of t h e o r e t i c a l  

C* performanc, , i n f i n i t e  damping r a t e  f o r  a l l  modes of i n s t a b i l i t y ,  

zero  pressui-c drop, zero chamber l eng th ,  chamber diameter equal  t o  
t h r o a t  diameter,  e t c .  

The code i s  appl ied t o  the  optimization of an e x i s t i n g  engine.  

Payload p o t e n t i a l  i s  s u b s t a n t i a l l y  improved by in t roduc t ion  o f  a 

s e r i e s  of design pertu-bations.  Computer time requi red  t o  develop 

t h e  improved engine i s  four minutes on the  CDC 6600 computer. 
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1.0 INTRODUCTICX 

I n  designing a l i q u i d  rocket  combustion chamber t h e  engineer  must 

compromise between C h a r a c t e r i s t i c s  such as performance, s t a b i l i t y ,  

weight,  i n j e c t o r  cozqlex i ty ,  cost . ,  e t c .  

are not  items which are d i r e c t l y  con t ro l l ed  by t h e  designer .  In s t ead ,  

I 

1 These engine characterist ics 

I 

they  are complicated funct ions of t h e  independent design v a r i a b z e s  

a v r i l a b l e  t o  t h e  d e s i g i e r ,  f o r  e x m p l e ,  i n j e c t o r  ho le  s i z e ,  chamber 

length ,  e t c .  To f u r t h e r  complicate t h e  problem, f requent ly  t h e r e  are 

seuerql techniques t h a t  can be used t o  p r e d i c t  how an engine charac- 

t e r i s t i c  (such as performance) v a r i e s  with t h e  independent design 

va r i ab le s .  

I f  the  engine designer  had i n f i n i t e  funds and time a v a i l a b l e  t o  him, 

he could design many coinbustors with d i f f e r e n t  combinations and per- 

mutations of t h e  var ious independent design variables. Engine 

c h a r a c t e r i s t i c s  could then  be c a l c u l a t e d  f o r  each design wi th  a l l  

t h e  ava i l ab le  techniques.  If t h e  des igner  had t h e  a b i l i t y  t o  d i g e s t  

a l l  of t h i s  information,  he could then s e l e c t  t h e  optimum design f o r  

h i s  par t icu lar  appl ica t ion .  

on the  basis of weighting factors  appl ied  t o  both  t h e  var ious  engine 

c h a r a c t e r i s t i c s  and t h e  c h a r a c t e r i s t i c  va lues  p red ic t ed  by d i f f e r e n t  

techniques.  

m e  s e l e c t i o n  would be made, of  n e c e s s i t y ,  

With l i m i t e d  f’unds and time, t h e  designer  can only examine a few 

designs,  and, because he i s  familiar with only a f e w  techniques f o r  

ca lcu lab ing  the  var ious c h a r a c t e r i s t i c s ,  he  uses  only t h i s  l i m i t e d  

s e t  o f  techniques t o  t e s t  t h e  a c c e p t a b i l i t y  o f  each design.  

approach some c h a r a c t e r i s t i c s  are never determined u n t i l  af ter  t h e  

conbustor has  been b u i l t ,  t e s t e d ,  arld often found unacceptable .  For 

example, s t a b i l i t y  c h a r a c t e r i s t i c s  which are p a r t i c u l a r l y  d i f f i c u l t  

t o  assess  f requent ly  r e s u l t  i n  an unacceptable engine design.  Usually 

Using t h i s  
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t h e  designs selected i n  a projec t  are those  t h a t  are very similar t o  

designs t h a t  have been successfld. i n  t h e  p a s t .  As a resul t ,  a design 

of another  group t h a t  would be better f o r  a p a r t i c u l a r  app l i ca t ion  

i s  f requent ly  neglected or  ignored. S imi l a r ly ,  when t roub le  i s  

encountered during t h e  development phase,  changes are made t o  overcome 

t h e  p a r t i c u l s r  problem us ing  pas t  experience i n s t e a d  of  determining 

which variable or  set  of  va r i ab le s  could be used t o  overcome the  problem 

with t h e  least  s a c r i f i c e  t o  o ther  c h a r a c t e r i s t i c s .  

The work performed under t h e  present  con t r ac t  w a s  d i r e c t e d  t o  t h e  

development of a genera l ized  conputer program t o  c a l c u l a t e  a22 the 
characterist?ks of  a given combustor design.  

a perturbation techuztque t o  determine t h e  changes i n  t h e  design 

variables tha5  produce the  g rea t e s t  improvement i n  t h e  r a t i n g  of t h e  

combustor design. The program then  follows t h e  pa th  t h z t  produces 

the g r e a t e s t  improvement i n  the r a t i n g  t o  arrive a t  a comnbwtor design 

t h a t  has  the best combination of  a l l  va r i ab le s .  This design i s  c a l l e d  

t h e  opti,mrm combustor d & g .  
which generates  t n e  optimum combustor design has  been given t h e  acronym 

AUTOCOM. 

The program then uses 

The automated combustor design code 

I n  any optimi.7 Lion  s i t u a t i o n ,  t h e  engineer /des igner  i s  u l t ima te ly  faced 

wi th  t h e  problem of s e l e c t i n g  t h e  rating o r  value func t ion  which i s  t o  

be minimized. I n  t h i s  r epor t  t h e  r a t i n g  o f  a design i s  based on a 

weighted average of a l l  t h e  c h a r a c t e r i s t i c s  of a given combustor. The 

weighting f a c t o r s  are constants  used t o  obta in  both  average character- 
i s t ics  and a rating. The constants  are intended t o  allow t h e  des igner  

t o  introduce h i s  views regarding t h e  ixpor tance  o r  v a l i d i t y  o f  one 

technique fo r  obta in ing  a given c h a r a c t e r i s t i c  versus  another  technique 

for obta in ing  t h e  same c h z r a c t e r i s t i c .  For example, i f  t h e  des igner  

3 



bel ieves  t h a t  only one technique i s  v a l i d  for p r e d i c t i n g  t h e  perfor-  

mance o f  a given design,  he w i l l  a s s ign  a un i ty  va lue  t o  t h e  v e i & t i n g  

f a c t o r  cons tan ts  f o r  t h a t  s p e c i f i c  c h a r a c t e r i s t i c ,  and t h e  cons tan ts  

f o r  a l l  t h e  o t h e r  performance C h a r a c t e r i s t i c s  t r i l l  be zero.  Sirriilarly , 
t h e  weight ing f a c t o r  cons tan ts  i n  t h e  equat ion t o  0btai.n a s inGle  

r a t i n g  f o r  a given combustor design are inCcnded to allow t h e  des igner  

t o  in t roduce  t h e  r e l a t i v e  importance of  d i f f e r e n t  types  of charac te r -  

i s t i c s ,  fo r  example, s t a b i l i t y  versus  performance. The weight ing f a c t o r  

cons tsn ts  , t h e r e f o r e ,  give the designer tho same control and fle3cibiZity 

in tlic computer p~ogmm as he has <n the p e s e n t  ttcut-and-try" system. 
To e s t a b l i s h  a base po in t  f o r  t h e  r a t i n g  system, a hypo the t i ca l  i d e a l  

combustor i s  given a r a t i n g  of  zero.  

would have one hGndred p e r  cent  o f  t h e o r e t i c a l  C" performance, i n f i n i t e  

damping ra te  f o r  all modes of  i n s t a b i l i t y ,  zero  p re s su re  drop,  zero 

chaniber l eng th ,  chamber diameter equal  t o  t h e  t h r o z t  diameter ,  e t c .  

The hypo the t i ca l  i d e d  conbustor 

Spec i f i c  techniques f o r  ob ta in ing  t h e  var ious  combustor c h a r a c t e r i s t i c s  

contained i n  t h e  AUTOCOM code are o u t l i n e d  i n  Appendix A of t h i s  r e p o r t .  

The code i s  w r i t t e n  i n  a modular fashion which permits  r a p i d  ex tens ion  

of t h e  combustor c h a r a c t e r i s t i c  equat ions .  This approach l e a d s  t o  an 

open ended code capable of f u t u r e  development and extension c o n s i s t a n t  

with t h e  growth of  c a p a b i l i t y  ia combustor design analysis. 

The optimum combustor design procedure i s  now an ope ra t iona l  t o o l  capable 

of r ap id  a p p l i c a t i o n  t o  p r a c t i c a l  design problems. 

pr imar i ly  in tended  as a demonstration o f  t h e  cu r ren t  vers ion  o f  t h e  

AUTOCOhl code. 

e s t a b l i s h e d  r a t i n g  value i s  s tud ied .  

mat ica l ly  generated by t he  AlJTOCOM code, and a s i g n i f i c a n t l y  bet ter  des ign  

i s  developed. 

descr ibes  t h e  nominal engine i n  d e t a i l .  

This  r e p o r t  i s  

An e x i s t i n g  l i q u i d  p rope l l an t  rocke t  engine having a well 

An improved design i s  then auto- 

The approach followed i s  ou t l ined  i n  Sec t ion  2 ;  Sec t ion  3 

Sect ion 4 t r a c e s  t h e  development 
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of t h e  improved design. Conclusions are presented  i n  Sect ion 5 ,  and 

a self-contained br ief  ou t l ine  o f  t h e  AUTOCOM ana lys i s  procedure i s  

presented i n  Appendix A .  Appendix B descr ibes  a r ecen t ly  developed 

multivarj able optimization algorithm which i s  be l i eved  t o  represent  a 

s i g n i f i c a n t  irnproveinent over o the r  e x i s t i n g  algori thms i n  terms of 

t h e  number of design per turba t ions  r equ i r ed  t o  ob ta in  an optimal design.  

Appendix C p resents  a l i s t  of weighting f a c t o r  cons tan ts  used i n  t h e  

development of a conbustor r a t i n g  o r  va lue  func t ion  f o r  t h e  study o f  

t h e  sample engine; t h e  appl ica t ion  of t h e s e  weight ing f a c t o r  cons tan ts  

i s  discussed i n  Sect ion 2. 

5 



2.0 APPROACH 

The AUTOCOSI code considers  t h e  fol lowing major c h a r a c t e r i s t i c s  

i n  the  combustor design synthes is  : 

I Performance 

I1 S t a b i l i t y  

I11 Pressure  Drop 

IV I n j e c t o r  Cornplexi t y  

V Chamber Length 

V I  Chamber Diameter 

V I 1  Mixture Rat io  

I n  view o f  t h e  u n c e r t a i n t i e s  a s soc ia t ed  with p r e d i c t i o n  of  combustor 

design C h a r a c t e r i s t i c s ,  each niaJor c h a r a c t e r i s t i c  i s  computed as an 

average engine Characterist ic.  
appropriate  weighted sum of  t h e  c h a r a c t e r i s t i c  va lue  obtained by a l l e r n -  

a t i v e  accepted computation procedures.  

def ines  a s p e c i f i c  conthustor characteris t ic .  
employed i n  combining a subset  of  t h e  s p e c i f i c  engine c h e r a c t e r i s t i c s  

i n t o  a p a r t i c u l a r  average engine c h a r a c t e r i s t i c  may be s e l e c t e d  by t h e  

user .  

each s p e c i f i c  combustor c h a r a c t e r i s t i c .  

Each average c h a r a c t e r i s t i c  i s  an 

Each such computation procedure 

The weight ing f a c t o r s  

They thus  can be used t o  r e f l e c t  u s e r  r e l a t i v e  confidence i n  

Each s p e c i f i c  engine c h a r a c t e r i s t i c  i s  a f h c t i o n  of t h e  design v a r i a b l e s  

e n t e r i n g  i n t o  t h e  combustor design procedure.  

vax4abZes include 

These combustor design. 

1. Diameter of  f u e l  o r i f i c e s  

2 .  Diameter o f  ox id i ze r  o r i f i c e s  

3. Number o f  f u e l  o r i f i c e s  

4 .  Number of ox id i ze r  o r i f i c e s  

G 



5. Volume of f u e l  mznifold 

6. Volume of ox id ize r  mar,ifold 

7 .  Length of  f u e l  o r i f i c e s  

8. Length of ox id ize r  o r i f i c e s  

9 .  Length of chamber 

10. Diameter of chamber 

11. Mixture r a t i o  

A subset  of t hese  va r i ab le s  def ines  each s p e c i f i c  engine c h a r a c t e r i s t i c .  

The cornbustor rat iug provides a s i n g l e  numerical  measure of t h e  com- 

b u s t o r ' s  c a p a b i l i t y  and i s  constructed on t h e  b a s i s  o f  a weighted sum 

o f  t h e  average engine c h a r a c t e r i s t i c s .  The weight ing f a c t o r s  employed 

i n  computing t h e  col~ibustor r a t i n g  are user-defined i n  t h e  AUTOCOM code. 

I n  t h i s  no te ,  t hese  weighting f a c t o r s  are based on t h e  impact of each 

average engine c h a r a c t e r i s t i c  on vehic le  say load  c a p a b i l i t y ;  they  de f ine  

t h e  payload penal ty  associabed wi th  each c h a r a c t e r i s t i c .  

The r a t i n g  funct ion employed i n  t h e  AUTOCOM code i s  

BFI + (BFII + 'FII * FII) + %I ' FI %I1 ' e 

BFII I  B~~~ 
+ %I11 ' FIII + A~~~ F~~ 

BFV B~~~ 
+ A~~~ F~~ 

B~~~~ 

+ Am * Fv 

+ *FVII F V I I  

7 



where 

FI 

FII 

FIII 

F- SV 

FV 

Fvr 

FVII 

and 

a r e  

t h e  

i s  t h e  average performance c h a r a c t e r i s t i c  based on C* 
e f f i c i e n c y  and varies from 0 t o  100 p e r  cen t .  . 

i s  t h e  average s t a b i l i t y  c h a r a c t e r i s t i c  based on an 

equiva len t  damping r a t e  and varies from -03 (damps a t  an 

i n f i n i t e  r a t e  with t i m e )  t o  + -(grows a t  an i n f i n i t e  

rate with t i m e )  

i s  t h e  average pressure  drop c h a r a c t e r i s t i c  based  on t h e  

pressure  drop across  t h e  i n j e c t o r  f ace  and varies from 

0 t o  m. 

i s  t h e  average i n j e c t o r  coxplexi ty  c h a r a c t e r i s t i c  based 

on  the number of i n j e c t o r  e lements ,  t ype  of element,  i n j e c t o r  

cav i ty  volume and inject ,or  f a c e  th i ckness  : 

0 t o  03. 

varies from 

i s  t h e  average length  C h a r a c t e r i s t i c  based on t h e  chamber 

length  from i n j e c t o r  t o  nozzle  t h r o a t ,  v a r i e s  from 0 t o  R). 

i s  t h e  average chamber diameter c h a r a c t c r l s t i c  based on 

t h e  chamber diameter at t h e  i n j e c t o r  f a c e ,  varies from 

0 t o  03. 

i s  t h e  average p rope l l an t  mixture r a t i o  c h a r a c t e r i s t i c  which 

v a r i e s  from 0 t o  00. 

t h e  constants  A FI, %II, ,BFI~BFII~BFIII~* 9 BpJII, 
weighting f a c t o r s  used t o  de f ine  appropr i a t e  neasures  for combinfng 

average engine c h a r a c t e r i s t i c s  i n t o  t h e  f i n a l  combustor r a t i n g .  

a 



The average engine c h a r a c t e r i s t i c s  i n  t u r n  are appropr ia te  weighted 

averages o f  t h e  s p e c i f i c  conibustor chh?ac te r i s t i c s  which are computed 

from well.-defincd equati.ons m d / o r  curves acceptxd by t h e  engineer ing 

and s c i e n t i f i c  community. Weighted averages ec:ployed i n  t h e  AUTOCOM 
code Ere 

j =15 

F I =x [af i (100 - f i ) ]  

i=ll 

i=20 

FIII = ( i t  f 31 . f31 -1. a f32 * f32 )/(af31 + af32) 

Here, t he  s p e c i f i c  combustor c h a r a c - e r i s t i c s  , f i  , are obta,ned as 

f o l l o m ,  with d e f i n i t i o n s  given i n  Appendix A. 

9 



fll is t h e  percent  mass vaporized of f’uel. 

f12 is t h e  percent  iiiass vaporized of ox id izer .  

i s  t h e  C8 e f f i c i e n c y  de te r r ined  by t h e  inixing model of NASA. f13 

f14 i s  t h e  C* e f f i c i e n c y  de tern ined  by t h e  A. D. L i t t l e  Corre la t ion  

f o r  Pulsed Conbustors. 

i s  t h e  C.x e f f i c i e n c y  determined by t h e  A .  D. L i t t l e  Corre la t ion  

f o r  Non-Pulsed Conibustors. 
f15 

f20 i s  t h e  chugging decay r a t e  based on t h e  fue l  system. 

f21 i s  t h e  chugging decay r a t e  based on t h e  ox id ize r  system. 

* 

f22 is  t h e  s t a b i l i t y  c h a r a c t e r i s t i c  based on t h e  A .  D. L i t t l e  

Corre la t ion  f o r  Pulsed Operation. 

i s  t h e  s t a b i l i t y  c h a r a c t e r i s t i c  based on the  A.  D.  L i t t l e  

Corre la t ion  for Non-Pulsed Operation. 
f23 

fZ4 i s  t h e  s t a b i l i t y  decay rate c h a r a c t e r i s t i c  based on t h e  

s t a b i l i . t y  ana lys i s  of Dykema f o r  t he  f u e l .  

i s  the  s t a b i l i t y  decay r a t e  c h a r a c t e r i s t i c  based on t h e  

s t a b i l i t y  analysi.s of Dykerna f o r  t h e  o x i d i z e r .  
f25 

f26 i s  t h e  s t a b i l i t y  decay rate c h a r a c t e r i s t i c  based on t h e  

s e n s i t i v e  time l a g  model f o r  a long i tud ina l  mode. 

10 



f i s  the  s t a b i l i t y  decay r a t e  c h a r a c t e r i s t i c  b s e d  on t h e  
27 

s e n s i t i v e  t ime lag mcdei for t r ansve r se  rcodes. 

fz0 i s  the  s t a b i l i t y  decay rate cha rac t , e r i s t i c  bzse6 on t h e  

response func'iion apFraach of NASA Lewis Resea-ch Center.  

f i s  the  s t a b i l i t y  c h a r e c t e r i s t i c  based on the  non-linear 
23 

s t a b i l i t y  ana lys i s  of NASA Lewis Reseerch Cecter.  

i s  t h e  i n j e c t o r  f u e l  pressure drop c h a - a c t e r i s t i c .  
*31 

f i s  t h e  i n j e c t o r  ox id izer  pressure  drop c h a r a c t e r i s t i c .  
32 

fhl i s  the  nuinter of injcckor f u e l  p lus  ox id i ze r  ho les  c h a r a c t e r i s t i c .  

b 

fh2 i s  t h e  volume of the  i n j e c t o r  ox id i ze r  dome c h a r a c t e r i s t i c .  

fb3  i s  t h e  volune of the  indect-or fuel dome c h a r a c t e r i s t i c .  

f44 i s  t h e  length of t he  inject .or  ox id i ze r  ho les  c h a r a c t e r i s t i c .  

fh5 i s  t h e  length  of the  iii.iect.or f u e l  ho les  c h a r a c t e r i s t i c .  

fb6 i s  t h e  i n j e c t o r  t y p e  coEplexity c h a r a c t e r i s t i c .  

f i s  the  i n j e c t o r  l e n g t h  c h a r a c t e r i s t i c .  
51 

fG1 i s  the  combustion chairber tliameter c h a r a c t e r i s t i c .  

f i s  t h e  propel lan t  mixture r a t i o  c h a r a c t e r i s t 5 c .  7 1  



The combustor design opt imizat ion process  i s  based on minimization of 

t h e  combustor r a t i n g  and, hence,  t h e  payload pena l ty .  The s a t i n \ -  i s  
I c l e z r l y  a funct ion of t h e  coi!iSustor design variables,  and t h e  weight ing 

f a c t o r s  e n t e r i n g  i n t o  both the r a t i n g  equat ion and t h e  average engine 

c h e r a c t e r i s t i c s .  I n  a given coEputation , t h e s e  weight ing f a c t o r s  are 

f ixed ,  based on payload i r q a c t  and degree of confidence i n  each 

s p e c i f i c  combustor c h a r a c t e r i s t i c .  It fol lows t h a t  t h e  combustor 

opt imizat ion problem can be formally s t n t e d  as 

where $I i s  the  conbustor r a t i n g ,  Cp* i s  t h e  opt imal  combustor r a t i n g ,  

t h e  a i  are the  combustor design v a r i a b l e s ,  and ai i s  t h e  t h e  vec to r  of 

these  design va r i ab le s .  Equation ( 9 )  def ines  a multivariable optimi- 

zs?.ion problem rqhich, due t o  t h e  non-analytic na tu re  of  several .  s p e c i f i  c 

combustor c h a r a c t e r i s t i c s ,  can only be solved by numerical  methods, 

Reference 1. These methods involve r e p e t i t i v e  combustor design eval- 

ua t ions  us ing  per+,urbed se t s  of combustor design variables. 

o r p p i z j n F :  t h e  df.sicn va r i ab le  pe r tu rba t ions  on t h e  b a s i s  of  t h e i r  

e f f e c t  on the  combustor r a t i n g ,  t h e  succession of designs generated can 

be made t o  converge t o  t h e  opt imal  design sa t i s f ' y ing  Equation ( 9 ) .  

- 

By prope r ly  

Select ion of successive design va r i ab le  p e r t u r b a t j  ons involves  t h e  appl i  - 
ca t ion  of mul t ivar iab le  search  techniques.  A v a r i e t y  o f  such search  

techniques have evolved i n  recent  yea r s .  

parrr,eter-at-a-time methods , organized methods which r equ i r e  t h e  eval-  

uation of  f i rs t -  and second-order p a r t i a l  d e r i v a t i v e s  a$/aai  and 

a2$/a:ii an acil f i n a l l y  randomj.zed techniques.  The AUTOCOM code conta ins  

a se l ec t ion  of dl t h r e e  types of search procedures based on t h e  Ref- 

er?nccz 1 and 2 opt imizat ion program AF,SOP. The searches  may be used 

separctely o r  i n  combination a t  t h e  user's opt ion .  

O f  scnrclies w i l l .  provide more r a p i d  and r egu la r  convergence t o  t h e  optin:nl 

design than w i l l  t h e  r epe t i t i t r e  app l i ca t ion  of a s i n g l e  search  algori thm 

such as, for example, s teepes t -descent .  

They inc lude  elemental  one- 

j 

Usually a conbinat ion 
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An overall sc:1w:::itic d i a g r m  o f  t he  AWX9X program is presented i n  

Figure 1. The remir ider  o f  th is  note descr ibes  the app l i cz t ion  of 

AUTOCO:,I to t h e  opti oizatic:! of a 1iquj.d rocket engine combustor. The 

procr.?.xes enpl.oycd t o  insure a z  adequate numerical model of the 

design process  vliile control l i . !g  elapseti conputer t - i m e  are described 

i n  sor:!e d e t a i l .  

f i n d  cpt?:!nal cL?s?:gn i s  reportee. 'and coiiuergence p l o t s  for t h e  combustor 

r a t i n g  a d  ea-h desi[:n variable are suppl ied .  A n  outline of the  

avai 1 ab l e  s p e ,:i f i c c oi~fbus t 31- ch 8.r a c t e r i s t i c cornput 8 +, i on s i s p r e  s en t e d 

i n  Appendix A. 

Convergecce from an initial nomi.imZ design t o  t h e  



P f n  



1. 

2. 

3. 
4. 
5. 
6. 
7. 
8. 

9. 
10. 

11. 

.195 inches O.D. ,.145; i n c h e s  I . C .  

( .l29 inches diameter equiva len t  hole) 

,084 inches 

21 6 
216 

3 10 inches 
3 10 i n c h e s  

.06 iiivhes 

.40 inches 

11.22 inches 

1.0.28 inches 

5.06 1h:n OX/ lbm Fuel 

Other p e r t i n e n t  but f i x e 3  design parainetcrs inc lude  

Prop e 11 ant; s 

E l  e me?t Type 

OX Ori f i ce  Vcloci ty  D i a m .  

Element 1r::pingen:ent fin@ e 

Total Propel1 z n t  Flow 

Thrust 

LOX Ter;lp 1' a t  ure  

H2 TeiKperctWe 

Throat D iax te r  

Hydrogen and LOX 

Concentric Tube (Hydrogen on ou t s ide )  

.11 inches 

0 degrecs 

33.72 Ibnl/second 

15000 l b f .  

Boi li n g 

3 4 9 O R  
5.14 inchcs 

1. 5 



396.1: p s i  



SPHEAT = 1.24944 

HGAS = 127.127 

MOLWT = 12.1453 

THETAG = 8.567267E-04 

SPFET, O F  SOlJrlL? I N  CHAMEEP cs = 65133.9 

! WC = -201068  

OELPF = 82.9049 

1N.IECT00 PHESSUDF D R O P  FCR 3X1017ER DELPX = 48.4525 

COt-WlSTIOt.!  CHAvrrF2  VOLII'AE vc = 681.565 

P.VF'AGE V F L ' I C I T Y  OF GASCS Ihl Ct-+r\VHER VELC = 13fI96.4 

FUFC II\1JFCTIOl4 VELOCITY VFUEL = 1301 3 0 

OX I D 1  7EL' I Y J F C T  I C'J  VFLOCITY V O X 1 0  = 339.511 

T O T 4 1  ADFA O f  fl.lFL I r J J E C T O P  0 2 I f  lCf5 TAF = 2.83194 

T A A  = 1.19702 

L~FUEL*=  o. 



P E S  CF'I 1 = 100. (Gaseous) 

F l ?  = Y9.9122 

F 1 3  = 100.900 

F14 = 91.3821 

F1S = 73.7665 

F20  = -1036. 
F 2 1  = -261.5 

F 2 2  = - 3 7 . 4 8 1 9  

F 2 3  = N o t  Computed 

~ 2 4  = Not; Computed 

F 2 5  = -2964.42 

F 2 6  = -1691.31  

F27 = - 4 1 ? . h 4 3  

F2R = -360.322 

F29 = -46427.6 

F 3 1  = 82.9049 

F 3 2  = 48.4525 

F 4 1  = 431.000 

F 4 2  = 10.0000 

F43  = 10.0000 

F 4 4  = .400000 

F 4 5  = 6.000000E-02 

~ 4 6  =Not Computed 

F 5 1  = 2.18289 

F 6 1  = 2 .F3000  

F71 = 5.05990 

1.8 



4 
c 
c 

LL 

v 
c 
c 
10 

u: 
LL 
I- 
L' 
-3 
n 
c 
I. 
V 

w 
V 
z 
< 
z 
n. 
C 
L 
Q 
LL a 

H 

V 

t- 
v, 

z 
W 

u 
Lz 
U 
X 
V 

> 
c 

I 

I 

c 

a 

L 

r! 
r a 
t 
LT. 

c 
r- 
2 
'3 
.i 

CI 

2 
3 
h 
.Y . 
c 
r- 

I1 

c. 
w 
k 

LL 

9 
9 
3 
3 
3 
J 
3 
5 
9 
0 
0 
Q 
E 
0 * 
3 
E 
9 
3 
0 

w 
0 x w 
w 

H 
H 
H 

3 
2 
F9 



a cortibustor. This i s  due t o  t h e  t ime consuming complex c h a r a c t e r i s t i c  

equation so lu t ions  required f o r  chugging ( f20  and f21) 

time lag s t a b i l i t y  ana lys i s  ( f 2 6 ) ,  t r a n s v e r s e  t ime l a g  s t a b i l i t y  anal-ysis 

( f 2 7 ) ,  and t h e  Lewis response funct ion s t a b i l i t y  ana lys i s  ( f 2 8 ) .  

I V  p resents  a smmary of t h e  c h a r a c t e r i s t i c  s t a b i l i t y  equation roo t s  f o r  

t h e  nominal engine. 

verse t i m e  l a g  ana lys i s  ( f27)  us ing  a value of  SVh = 3.0543. 

l ong i tud ina l  

Table 

The l e a s t  s t a b l e  roo t  i s  obtained from t h e  t r a n s -  

3.3 A IJOTE ON STABILITY RO3TS 

Some d i f f i c u l t y  was i n i t i a l l y  experienced i n  computing t h e  nominal engine 

s t a b i l i t y  c h a r a c t e r i s t i c s  f o r  t h e  t i m e  lag analyses .  

program assumes a value of t h e  Reardon i n t e r a c t i o n  index,  n ,  of 0.5  

f o r  tlir. l ong i tud ina l  time l a g  analyses  

time l a g  ana lys i s  (f27). 

n a l  engine w a s  found t o  be s l i g h t l y  uns tab le  i n  two of  t h e  t r a n s v e r s e  

modes, Table V. 

value w a s  undertaken; as a r e s u l t ,  an i n t e r a c t i o n  index value of 

0 .45 was subsequcncly u t i l i z e d  i n  all t r ansve r se  time l a g  analyses  and 

ai l I l ~ t ' l ' d ~ L 1 ~ 1 1  I I I ~ ~ J .  value 01 0.9 was used for Lhc- l on&i tud ina l  a n a l y s i s .  

These values  were used t o  ob ta in  t h e  t ime l a g  ana lys i s  roo t s  shoxn i n  

Table I V .  

The AUTOCOM 

( f 2 6 )  and 1 .0  f o r  t h e  t r a n s v e r s e  

With these  i n t e r a c t i o n  index values  t h e  nomi- 

A s e n s i t i v i t y  study on t h e  e f f e c t  of i n t e r a c t i o n  index 

A second po in t  should be noted regard ing  t h e  s t a b i l i t y  roo t s .  

i s  found corresponding t o  the  t h i r d  value of S Vh = 3.8317 i n  t h e  t r a n s v e r s e  

time l a g  ana lys i s  ( f 2 7 ) .  

i n i t i a l  guess value i n  t h e  complex plane f o r  t h i s  p a r t i c i d a x  r o o t .  

Following t h i s  procedure the  missing r o o t  w a s  found t o  be  a t  t h e  po in t  

(-219424 f j3.51114) when the  Reardon i n t e r a c t i o n  index w a s  0.9. 
root  i s  thus  hig? l y  damped. 

No root 

The missing root can be found by vary ing  t h e  

The 

20 
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When co! ?.:.ricin:; an optimization s tudy ,  s i d e  analyses  of t h e  above type  

may be ri. u i r e d  t o  l o c a t e  p a r t i c u l a r l y  d i f f i c u l t  r o o t s .  

should al.so be fo3.1oved whenever t h e  r o o t  imsginary p a r t  i s  no t  

approximately equal t o  t h e  corresponding value of Sv 

t i m e  lac  ana lys i s  (f27) md the Bessel argument, m y  i n  t h e  Lewis  

response func t ion  ana lys i s  ( f 2 8 ) .  This po in t  i s  d iscussed  f u r t h e r  i n  

Sect ion 4.1. 

This procedure 

i n  t h e  t r a n s v e r s e  h 
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Opticdzation c o q u t a t i o n s  were i n i t i a l l y  .Lrdertaken us ing  a l l  s p e c i f i c  

conbustor c h a r z c t e r i s t i c s  and a l l  s tzb i1 . i ty  r o o t s .  However, it vas 

noted t h a t  t h e  design v a r i a b l e  pe r tu rba t ions  introduced l i t t l e  change 

i n  the cocrputer t i n e  consuming s t a b i l i t y  equation r o o t s .  Accordingly 

t h e  conbustor m a l y s i s  was div ided  i n t o  t v o  c l a s s e s  of computation. 

These were an approximate m d y s i s  which considered fewer (possib1.y 

none) of the  s t a b i l i t y  r o o t s  a n d ' a  compZete analysis i n  which a l l  

s t a b i l i t y  roo t s  were computed. It i s  emphasized t h a t  t h e  approximate 

ana lys i s  i s  only q? rox ima te  i n  t h a t  t h e  ca l cu la t ion  o f  t h e  less  s ign i -  

f i c a n t  s t a b i l i t y  roo t s  i s  omit ted.  C lea r ly ,  by a jud ic ious  mix of  

complete and approximate u l a lyses  t h e  t o t a l  e lapsed  cornputer t ime 

requi red  for t h e  d e f i n i t i o n  of an optimum engine design can be dras-  

t i c a l l y  reduced. 

4 . 1  THE FIRST TI4TTTTY 1TEIIATIOF:S 

Following i n i t i a l  experimentat ion us ing  a l l  s t a b i l i t y  r o o t s  , t h e  engi.ne 

was  subjec ted  t o  twenty design i t e r a t i 6 n s  us ing  a l l  s p e c i f i c  combustor 

c h a r a c t e r i s t i c s .  An approximste ana lys i s  mode was employed which con- 

s ide red  only t h e  r e l a t i v e l y  r a p i d  ca l cu la t ion  f o r  t h e  l o n g i t u d i n a l  t ime 

l a g  anal-ysis (f26) and t h e  t r a n s v e r s e  t ime l a g  ana lys i s  ( f 2 7 )  f o r  t h e  

s i n g l e  Svh value of 3.051+3 ( t h e  least s t a b l e  t r a n s v e r s e  t i m e  l a g  r o o t ) .  

This approximate ana lys i s  permi ts  bo th  long i tud ina l  and t r a n s v e r s e  

s t a b i l i t y  c h a r a c t e r i s t i c s  t.0 be monitored. 

I n i t i a l  and f i n a l  s t a b i l i t y  roots from t h i s  o p t i n i z a t i o n  c a l c u l a t i o n  

a r e  presented  i n  Table V I .  It can be seen t h a t  l i t t l e  change has  

occurred i n  t h e  s t a b i l i t y  r o o t s .  

in t he  l e s s  s t a b l e  t r a n s v e r s e  mode and t o  less s t a b i l i t y  i n  t h e  more 

The t r e n d  i s  t o  inc reased  s t a b i l i t y  

24 
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n e  e:igine r a t i n g  z f te r  tventy  design pe r tu rba t ions  end t h e  cor res -  

po::c'Fng average engine c h e r a c t e r i s t i c s  are preserited i n  Table V I I .  

It c z : ~  be seen tha t  based on t h e  s e l e c t e d  average engine c h e r e c t e r i s t i c  

trelc-!:ts which provide t h e  r a t i n g  i n  the form of peyload l o s t ,  a gain 

cf 23% pouuds payload nas r e s u l t e d  vhea corarjared t o  t h e  noxifial design 

cf TE-3l.e 111. 

t e - i s 5 . c  cont r ibu t ion  t o  t h e  r e t ) i n g  i s  now neg l ig lDle  Eina t h z i  pzyloed 

i s  b e i n g  gained p r i n a r i l y  by reduct ion of  t h e  performance c h a - & c t e r i s t i c  

pena l ty .  

that the performance improvement stems from f 1 2 ,  p e r  cen t  mass o f  fue l  

Y.e?orized, a n d  from s l i g h t  improverrent i n  CK e f f i c i e n c i e s  f o r  bo th  pulsed  

znd Lowpulsed conbustors.  

It carr also be seen t h a t  t h e  average s t a b i l i t y  charac- 

Pursuing t h i s  pay1oL.d i rp rcvenen t ,  Table V I I I ,  it can be seen 
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F 1 1  = 100. 

f 1 2  = 106.0GO 

F1.5 = lOG.000 

~ 1 4  = 91.7oa9 

F I S  = 73.8398 

x F20 = 0 .  v 
.rl 

FLI = 0. rl 

. -  -----A ~ - _  ___-  - 

FL6 = 0. 
. .  . . d 6  
0 &I 

F4 1 = f433.943 

F42 = 10.022i) 

Fr3 = 9.473G.2 

F 4 4  = .349630 

F45 = 6.CCSh03E-07 

F46  = Not Completcd 

FS 1 = i1.20652 

F b l  = 2.08429 

F 7 1  = 5.05579 

TABLE VIII. SPECIFIC CO:9USTOR CHARACTERISTICS AFTER 
TIoEENTY DZSIGi? PZRTURBATIONS 

28 



Reference 1. 

the  s t a b i l i t y  c h a r a c t e r i s t i c .  The r a t i o n a l e  f o r  t h i s  approach 

was t h e  neg l ig ib l e  s t a b i l i t y  c h a r a c t e r i s t i c  cont r ibu t ion  t o  t h e  engine 

r z t i n g ,  Tz’rle VII. This t z h l e  i n d i c a t e s  t h a t  t h e  s t a b i l i t y  charac- 

t e r i s t i c  a f f e c t s  t he  r a t i n g  i n  t h e  twenty-fourth s i g n i f i c a n t  f i g u r e .  

This i s  we1.1 belov the  accmacy o f  t h e  CDC 6600 computer which, with 

s i x t y  b i t s ,  i s  ab le  t o  provide approximately t e n  s i g n i f i c a n t  decimal 

f igu res .  

The approximate a l a l y s i s  employed completely neglec ts  

The nociinal engine r a t i n g  without t h e  pena l ty  of a l l  s t a b i l i t y  charm- 

t e r i s t i c s  (4 .7  pounds, Tzble 111) i s  293.1 pounds. 

design per turba t ions  introduced through the  References 1 and 2 multi-  

va r i zb le  search program, AESOP, t h e  r a t i n g  i s  reduced t o  210.7 pounds. 

Rating convergence i s  i l l u s t r a t e d  i n  Figure 2. Convergence behavior 

of  t he  combustor design var iab les  i s  i l l u s t r a t e d  i n  Figures 3a through 

3c. The combustor design var iab les  were allowed t o  f l u c t u a t e  by p lus  

o r  minus twenty-five per cent  of the  nominal values  i n  t h i s  s tudy.  Two 

of  t h e  design v a r i a b l e s ,  t h e  chamber diameter and t h e  number o f  fue l  

o r i f i c e s  (which equals  the  n u h e r  of ox id i ze r  o r i f i c e s )  a r e  p r a c t i c a l l y  

on t h e  lower and upper bounds permit ted i n  t h e  s tudy.  

Af te r  100 successive 

The f i n a l  r a t i n g  and the  c h a r a c t e r i s t i c  components t o  t h e  r a t i n g  a r e  

presented i n  Table I X .  F ina l  design va r i ab le  values  toge ther  with 

t h e  search liinits employed are t abu la t ed  i n  Table X. From Tables I11 

and I X  t h e  rating changes associated with each c h a r a c t e r i s t i c  a r e  

seen t o  be  

Performance Charac t e r i s t i c  20.9 l b s . ,  gain 

S t a b i l i t y  Charac t e r i s t i c  Not considered 

Pressure Drop Charac te r i s t i c  0.14 lbs-. , gain 

I n j e c t o r  Complexity C h a r a c k r i s t i c  0.72 lbs. , loss  
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Length C h a r a c t e r i s t i c  

Chamber Diameter Charac t e r i s t i c  

Chamber Mixture Rat io  C h a r a c t e r i s t i c  

36.7 l b s  . , gain 

26.7 lbs,  , gain 

1.32 l b s . ,  loss  

To ta l  Gain 82.4 l b s .  

The t o t a l  r a t i n g  gain of 82.4 l b s .  produced by t h e  opt imizat ion process  

o f  t he  AUTOCOM code ignores  any s t a b i l i t y  c h a r a c t e r i s t i c  e f f e c t .  To 

assess  t h i s  e f f e c t ,  a complete ana lys i s  was performed us ing  the  Table X 

vector  of combustor design va r i ab le s .  "he r a t i n g  r e s u l t i n g  from t h i s  

complete ana lys i s  i s  presented i n  Table X I .  The as soc ia t ed  s p e c i f i c  

combustor c h a r a c t e r i s t i c s  a r e  presented i n  Table X I I .  The s t a b i l i t y  

c h a r a c t e r i s t i c  produces a r a t i n g  component of  .16 pounds, a 4.55 pound 

improvement over t he  nominal engine s t a b i l i t y  c h a r a c t e r i s t i c .  Comparing 

t h e  final r a t i n g  of 210.84 pounds, Table X I ,  w i t h  the  complete nominal 

engine r a t i n g  of 297.78 pounas, Table 111, t h e  t o t a l  r a t i n g  gain obtained 

i n  100 design pe r tu rba t ions  is 86.94 pounds. 

t h a t  desp i t e  t he  use of a n  approximate analysis which r e s u l t e d  i n  t h e  

s t a b i l i t y  c h a r a c t e r i s t i c  be ing  ignored,  t h i s  c h a r a c t e r i s t i c  nonetheless  

improved during the  100 design i t e r a t i o n s .  Elapsed computer t i m e  f o r  

t h e  100 i t e r a t i o n s ,  t h e  f i n a l  complete a n a l y s i s ,  and t h e  i n i t i a l  complete 

ana lys i s  w a s  250 seconds on t h e  CDC 6600 computer. 

It i s  i n t e r e s t i n g  t o  note  

4 .3  

The complete s t a b i l i t y  root  set obtained a f t e r  100 i t e r a t i o n s  i s  presented  

i n  Table X I I I .  It can be seen t h a t  t h e  second frequency corresponding 

t o  SVh = 3.0543 i s  missing. 

nominal engine,  Table I V ,  bu t  became more s t a b l e  i n  t h e  first 20 i t e r -  

a t i o n s  of Sect ion 4 .1 ,  Table V I ,  

w a s  i n i t i a t e d  t o  confirm t h e  s t a b i l i t y  improvement over  100 i t e r a t i o n s .  

The root  was loca ted  as a non-conjugate p a i r  at  t h e  p o i n t s  

A NOTE ON STABILITY ROOTS AFTER 100 ITERATIONS 

This r o o t  w a s  t he  l e a s t  s t a b l e  on t h e  

Accordingly, a search  f o r  t h i s  roo t  
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hU3SER 320 

F l l  I 100. 

F12 s 100.000 

F13 100.000 

r14 = R7.7Eh.r 

F 1 S  = 72.5'574 

F Z O  = -1264. 
F21 = -184. 

FZZ = -71.41R3 

FC3 = Not Computed 

F Z 4  = Not C o m p u t e d  

FP5 = -2920.49 

f 2 6  -?P61.'51 

F27 = -H4O.UPg 

FLB -423.006 

F 2 9  = - 2 7 3 3 4 . 7  

F 3 1  - = 71.25E6 

FM = 5 9 . 9 ~ 5 6  

F 4 1  S37 .514  

F42 = 10.3573 

F43 = 10.5468 

Fe4 = .374510 

F4S 6.hS1640E-02 

f46 e Not C o m p u t e d  

FSI = 1 .9T03H 

FbI = 1.49657 

F71 = 6.96744 

TABLE' X I I .  S P E C I F I C  COblBUSTOR CHARACTERISTICS AFTEX 

100 DZSIGH PERTURBATIONS 
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Both r o o t s  a r e  w e l l  damped; however, s ince  t h e  imaginary p a r t s  of  t h e s e  

roots  d i f f e r s  markedly from the  value of Sv,(3.0543) a "ray search" was 

c a r r i e d  out  through t h e  design space.  This search  proceeded along t h e  

ray j o i n i n g  t h e  nominal engine design t o  the  f i n a l  design obtained after 

100 i t e r a t i o n s .  

an n-dimensional space ( i n  t h i s  ca se ,  a twelve-dimensional space)  i s  a 

s tandard f e a t u r e  o f  t h e  AESOP program. 

d i s t r i b u t e d  along t h e  ray search j o i n i n g  the nominal and f i n a l  design.  

The root corresponding t o  S 

from t h e  nominal design. Root v a r i a t i o n  along t h e  ray  i s  presented  i n  

Figure 4. "he roo t  at 

The a b i l i t y  t o  c a r r y  out  t h i s  type  of ray  search through 

Fifty-two p o i n t s  were equi- 

= 3.0543 w a s  tracked along the ray, s t a r t i n g  
Vh 

z = (-.03257 + j3.0521) 

presented i n  Table V I  t r a c k s  con t inua l ly  i n t o  t h e  r o o t  a t  

confirming t h i s  roo t  as a v a l i d  s o l u t i o n  t o  t h e  s t a b i l i t y  r o o t  charac- 

t e r i s t i c  equat ion.  

are, t h e r e f o r e ,  considered t o  be v a l i d  roo t s .  Their heav i ly  dampeu 

nature  r e s u l t s  i n  t h e i r  providing no con t r ibu t ion  t o  t h e  f i n a l  engine 

r a t i n g .  It can be seen from Figure 4 t h a t  t h e  r o o t  a t  z 1  i s  becoming 

more s t a b l e  as the  design progresses  and t h a t  t h e  root a t  22 i s  becoming 

l e s s  s t a b l e .  

Both f i n a l  r o o t s ,  zl and z 2 ,  obtained f o r  Svh = 3.0543 
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4.4 VERIFICATION OF THE OPTIIIIAL SOLUTION 

The opt imal  s o l u t i o n  r epor t ed  i n  Section 4.2 w a s  v e r i f i e d  i n  two ways .  

F i r s t ,  t h e  s o l u t i o n  w a s  continued f o r  100 a d d i t i o n a l  i t e r a t i o n s  with 

t h e  uniform, random ray and pattern sea rch  algorithm. 

mance improvement resulted. A f i n a l  r a t i n g  of 209.43 pounds was  

a t t a i n e d ,  a gain of 1.3 pounds over t h e  s o l u t i o n  of Sec t ion  2.2. 

Second, t h e  s o l u t i o n  w a s  r e s t a r t e d  from t h e  nominal s o l u t i o n  us ing  

a d i f f e r e n t  search  algorithm. The a lgor i thm used i n  t h i s  second 

so lu t ion  w a s  a recent’ly developed d i r e c t e d  random ray s e a r c h ,  Appendix 

B, i n  c.mbination wi th  t h e  p a t t e r n  a c c e l e r a t i o n  a lgor i thm.  The f i n a l  

r a t i n g  obtained by t h i s  method w a s  209.46 pounds after 100 i t e r a t i o n s .  

Convergence of t h i s  s o l u t i o n  has been added t o  Figure 2. It i s  c l e a r  

that a final s o l u t i o n  has been obtained. It i s  a l so  c l e a r  t h a t  t h e  

newly developed search  provides more r a p i d  convergence t o  t h e  s o l u t i o n  

than t h e  older uniform d i r e c t e d  m y  search. 

w i t h  other tests of the new seerch. 

A s l i g h t  per for -  

This  behavior is i n  keeping 
b 
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5.0 CONCLUSION 

The AUTOCOM code has successfd- ly  developed a n  improved engine design 

s t a r t i n g  from t h e  e x i s t i n g  nomiiial engine.  The payload p o t e n t i a l  of 

t h e  engine was improved by 87 pounds as measured by t h e  r a t i n g  equat ion.  

Computer time requi red  by t h e  AlJTOCOM code was minimal. The average 

time requirement f o r  an assessment of each combustor design w a s  approx- 

imately two seconds on the CDC 6 6 ~ 0  computer. 

by i :;e opt imizat ion subprogram AESOP i n  determining s u i t a b l e  design 

va r i ab le  pe r tu rba t ions  was negligible--zpproxinately 103 seconds. The 

engine was optimized i n  one hundred design pe r tu rba t ions ;  hence, t o t a l  

cohputer time requi re6  t o  optimize t h e  design w a s  approximately four  

( 4 )  minutes. 

problems had been encountered. I n  t h i s  e v e n t u a l i t y ,  it i s  est imated 

t h a t  twenty (20)  minutes computer t i m e  would be requi red  t o  obta in  a 

so lu t ion .  A d e f i n i t i v e  aEsessment o f  conputer time i n  such a case 

awaits f u r t h e r  experience using t h e  KJTOCOM code. 

Computer tin:e absorbed 

More computer time would he requi red  i f  combustor s t a b i l i t y  

An examination of  t h e  optiinal engine coEponents revea ls  t h a t  t h e  

payload gain w a s  l a r g e l y  obtained frorli improvements i n  t h e  per for -  

mance, chamber l eng th ,  and chamber diameter c h a r a c t e r i s t i c s .  Small 

payload gains a l s o  r e su l t ed  from improved s t a b i l i t y  and pressure  

drop c h a r a c t e r i s t i c s .  The i n j e c t o r  complexity c h a r a c t e r i s t i c  and t h e  

chamber mixture r a t i o  cha rac t e r i s  t i c s  bo th  cont r ibu ted  performance 

lo s ses  when t h e  f i n a l  engine is com2ared t o  t h e  nolninal engine. 

A corq l i ca t ed  set of design var iab le  pe r tu rba t ions  were introduced 

t o  obta in  the  payload capab i l i t y  improvement. An assessment of  t h e  
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design variable changes introduced by t h e  opt imiza t ion  algori thms 

indicates t h a t  t h e  number of  f u e l  and ox id ize r  h o l e s ,  volume of t h e  

ox id ize r  dome, volume of t h e  f u e l  dome, l eng th  of t h e  combustion 

chamber, chmber diameter, and t h e  mixture r a t i o  are a l l  s e n s i t i v e  

design vz r i ab le s  i n  the  engine considered.  I n  p a r t i c u l a r ,  i n  both 

optimal so lu t ions  obtained the  number of f u e l  and ox id ize r  ho le s  

rap id ly  rises t o  t h e  upper lirit permi t ted ,  i n d i c a t i n g  t h a t  f u r t h e r  

payload improvement might result  from a f u r t h e r  i n c r e a s e  i n  t h e  

nmber  of ho les  allowed. D i m e t e r  of  t h e  f u e l  h o l e s ,  diameter of 

t h e  ox id ize r  h o l e s ,  l eng th  of t h e  fuel h o l e s ,  and l eng th  of t h e  

oxid izer  ho les  were r e l a t i v e l y  i n s e n s i t i v e  design v a r i a b l e s  for t h e  

engine design coiisidered, presumably because of t h e  b a s i c  s t a b i l i t y  

of t h i s  engine. 
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APPENDIX A 

OUTLINE OF THE AUTOCOM PROGRAM ANALYSIS 

I 
8 .  

The AUTOCOM program automat,ically determines t h e  combustor chamber 

c h a r a c t e r i s t i c s  given t h e  chamber des ign  v a r i a b l e  va lues .  

a n a l y s i s  cons iders  performitnce, s t a b i l i t y ,  and i n j e c t o r  complexity 

c h a r a c t e r i s t i c s .  

possesses t h e  a b i l i t y  t o  automatically pe r tu rb  t h e  design parameters 

de f in ing  t h e  engine c h a r a c t e r i s t i c s  (op t imiza t ion ) .  S t a b i l i t y  and 

performance a n a l y s i s  modules ava i l ab le  wi th in  t h e  program are descr ibed  

below. 

The 

I n  an op t iona l  mode of ope ra t ion ,  t h e  program 

Al. 

Per cent mass of f u e l  vaporized i s  computed by t h e  method of NASA TR-67, 
Reference Al. 

PER CENT MASS OF FUEL VAPORIZED (FUNCTION f i l l  

A model and theory  for descr ib ing  t h e  rocket combustion 

process are described. The model i s  based on t h e  

assumption t h a t  propel lan t  vapor iza t ion  i s  t h e  rate- 

c o n t r o l l i n g  combustion process. Calcu la t ions  of t h e  

vapor iza t ion  r a t e  and h i s t o r i e s  show t h e  e f f e c t s  o f  

p rope l l an t s  , spray conditions , engine design parameters 

and ope ra t ing  parameters on t h e  vapor iza t ion  process .  

The results are co r re l a t ed  w i t h  an e f f e c t i v e  chamber 

length  f o r  ease  i n  using them f o r  design purposes. An 

a n a l y s i s  i s  presented  on t h e  q u a n t i t a t i v e  e f f e c t  of 

incomplete p rope l l an t  vapor iza t ion  on combustor per for -  

mance. With t h i s  ana lys i s ,  experimental  and c a l c u l a t e d  

combustor performances are compared for i n j e c t o r s  where 

drop s i z e  can be ca lcu la ted .  For o t h e r  i n j e c t o r s  t h e  

drop s i z e s  a r e  deduced and are shown as func t ions  o f  

i n j e c t o r  t ype  and o r i f i c e  s i z e . "  

I t  



A2. PER CENT MASS OF OXIDIZEFt VAPORIZED (FUNCTION f12) - 
Per  cen t  mass of o x i d i z e r  vaporized i s  computed by t h e  method of 

Reference Al i n  a similar menner t o  t h e  fuel vapor iza t ion  method 

summarized above. 

A3. 
The f i r s t  method a v a i l a b l e  for computing C* e f f i c i e n c y  i s  based on 

t h e  method of  NASA TN-2881, Reference A2: 

C5 EFFICIENCY BY MIXING BIi3DEL (FUTtCTION fld 

A model for p r e d i c t i n g  rocke t  combustion performance i s  

presented  which i s  based on t h e  assumption t h a t  performance 

i s  l i m i t e d  only by gas-phase t u r b u l e n t  d i f f u s i o n ,  or 
mixing, of oxidant and f u e l  vapors. "he model shows how 

mixture r a t i o  , chamber l e n g t h ,  i n j ec to r -ho le  spac ing ,  

and tu rbulence  i n t e n s i t y  a f f e c t  performance. 

l f  

Many phys ica l  p rocesses  occur  s imultaneously i n  a rocke t  

combustor. In  o rde r  t o  understand t h e  importance of t h e  

var ious  processes ,  such as vapor iza t ion  , gas-phase mixing, 

o r  chemical r e a c t i o n ,  each one i s  considered s e p a r a t e l y  so 

t h a t  t h e i r  e f f e c t s  on combustor performance may be d e t e r -  

mined and compared. 

combustion i s  w e l l  understood,  and an exhaus t ive  a n a l y s i s  

of it has been presented  i n  t h e  l i t e r a t u r e .  

r e a c t i o n  r a t e s  are usua l ly  considered t o  be very r a p i d  and,  

t h e r e f o r e ,  not a l i m i t i n g  f a c t o r  i n  c o n t r o l l i n g  t h e  rocke t  

combustion process.  

of chemical r e a c t i o n  rates i n  rocke t  combustion i s  p resen ted  

i n  Reference A3. 
may poss ib ly  b e ,  under c e r t a i n  cqnditions , a r a t e  l i m i t i n g  

s t e p  i n  t h e  combustion process .  

11 

The vapor i za t ion  process  i n  rocke t  

Chemical 

A t r ea tmen t  of t h e  relative importance 

The mixing process ,  though l e s s  understood,  

A2 



"In essence ,  t h e  model. developed i n  Reference A2 combines 

t h e  h ighly  general ized r e s u l t s  of Reference A4 with a 

technique similar t o  t h a t  suggested i n  Reference Al. I n  

Reference AI., it i s  suggested t h a t  t h e  e f f e c t  of  mixing 

on performance may be determined by c a l c u l a t i n g  the  per for -  

mance of many small areas i n  a combustor cross sec t ion  and 

averaging t h e  r e s u l t s .  

how prope l l an t  concentration v a r i e s  r a d i a l l y  across  t h e  

combustor as a funct ion of chamber l eng th ,  i n j e c t o r  ho le  

spacing,  and i n t e n s i t y  of turbulence,  bu t  do not i n d i c a t e  

what e f f e c t  such va r i a t ions  might have on combustor performance. 

The results of Reference A4 show 

"The method of  NASA TN-2881 t r a n s l a t e s  t h e  general ized 

concentrat ion p r o f i l e s  of Reference A4 i n t o  combustor 

performance values .  

enables  mixing-limited performance t o  be ca l cu la t ed  f o r  

p a r t i c u l a r  propel lan t  systems as a funct ion of  chamber l eng th ,  

turbulence i n t e n s i t y ,  injector-hole  spac ing ,  and opera t ing  

p rope l l an t  mixture r a t i o .  Resul ts  of d e t a i l e d  d i g i t a l  computer 

ca l cu la t ions  us ing  t h i s  model a r e  presented  i n  Reference A2 

f o r  e i g h t  propel lan t  systeins : oqygen with hydrogen, ammonia, 

hydrazine , and JP-4 ; f luor ine  with hydrogeli , ammonia , and 

hydrazine ; and n i t rogen  t e t rox ide  with hydrazine.  I' 

A model based on t h a t  of Reference A 4  

Ab. 

C* e f f i c i e n c y  for pulsed combustors i s  computed by the s t a t i s t i c a l  

r e l a t ionsh ips  presented i n  NASA CR-72370, Reference A5.  

C* EPFICIENCY FOR PULSED COMBUSTORS (FUNCTION f14) - 

"The ob jec t ive  of t h i s  method i s  the  establ ishment  of  

c r i t e r i a  f o r  t h e  design of s t@bly  opera t ing  l i q u i d  

p rope l l an t  rocket engines by means o f  a systematic  

A 3  



ana lys i s  of  e x i s t i n g  t e s t  da ta .  In  t h i s  a n a l y s i s ,  

r e l a t ionsh ips  were sought between engine design 

v a r i a b l e s ,  opera t ing  v a r i a b l e s ,  and s t a b i l i t y  charac- 

t e r i s t i c s .  The r e s u l t s  of t h e o r e t i c a l  and experimental  

s t u d i e s  of combustion i n s t a b i l i t y  were used as guides 

i n  seeking these  r e l a t i o n s h i p s .  

"The method was es t ab l i shed  by 

1. Development of a system f o r  c o l l e c t i n g  

rocket  engine s t a b i l i t , y  t e s t  d a t a  and 

u t i l i z a t i o n  of t h i s  system t o  c o l l e c t  

such data from a wide v a r i e t y  of engines .  

2 .  Def in i t ion  and eva lua t ion  of  func t ions  

of  engine va r i ab le s  (parameters)  which 

may be r e l a t e d  t o  s t a b i l i t y  c h a r a c t e r i s t i c s .  

3. Establishment o f  r e l a t i o n s h i p s  between 

engine design and s t a b i l i t y  parameters by 

ana lys i s  of  the  c o l l e c t e d  experimental  

da ta .  

4. Formulation of an approach f o r  u t i l i z i n g  

these  des ign - s t ab i l i t y  r e l a t i o n s h i p s  i n  t h e  

development of new engines .  

The r e s u l t s  provide a comprehensive desc r ip t ion  of p a s t  

experience with combustion i n s t a b i l i t y  i n  var ious engine 

types .  The design approach o f f e r s  a means f o r  u t i l i z i n g  

t h i s  experience t o  avoid development of  new engines which 

a re  prone t o  i n s t a b i l i t y . "  

I 1  
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As.  

C* e f f i c i e n c y  for noli-pulsed coinbustors i s  computed by the  s t a t i s t i c a l  

r e l a t ionsh ips  presented i n  NASA CR-72370 Reference A5 discussed above. 

C* EFFICIETJCY OF NON-FULSED COMBUSTORS (FUNCTION f 15)- 

A6. 

Function f measures t h e  f u e l  system chugging decay rate based on t h e  

method of Reference A 6  f o r  e i t h e r  pump or  pressure fed  systems. Pump 

fed  systems decay r a t e s  a.re found from t h e  eigenvalues of t h e  charac- 

t e r i s t i c  equat ion 2.04.03 of Reference A6. 

CHUGGING DECAY RATE MSED OTJ FUJ3L SYSTE1.I (FUNCTION f z o 1  

20 

F ( s )  = (1 + Es +JEs2)[1 + s - n + ne"s]+ PEse-" = 0 (2.04.03) 

Pressure f ed  system decay r a t e s  are found from t h e  eigenvalues  of  t h e  

c h a r a c t e r i s t i c  equat ion ( 2 . 0 5 . 0 2 )  of Reference A6. 

(2.05.02) 

Eigenvalues are found by appl ica t ion  of  modern opt imiza t ion  procedures 

t o  minimization of IF( s ) 1 followed by root  sweeping. 

A7.  

Function f 2 1  measures t h e  oxid izer  system chugging decay rate by t h e  

method of Sect ion A6 above. 

CHUGGING DECAY RATE BASED ON OXIDIZER SYSTEM (FUNCTION f 2 d  

A8. STABTLITY CHARI\CTERISTICS F03 PULSED OPERATION BASED ON STATISTICAL 
CORRELATION ( FUIvTCTIOIl f 22 )  - 

Function fZ2 i s  t h e  c h a r a c t e r i s t i c  f o r  pulsed operat ion based on t h e  

regression ana lys i s  of Reference A 5 .  Basis of t h i s  approach i s  descr ibed 

i n  Section Ah.  
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A 9 .  STAB?' -. ITY CHARACTERISTIC FOR NON-PULSED OPERATION RASED ON 

STATISTICAL CORRELATION (FUNCTION f2=J- 
Function fZ3 

t h e  regress ion  ana lys i s  of  Reference A5. Basis of  t h e  approach i s  

described i n  Section Ah. 

i s  t h e  c h a r a c t e r i s t i c  for  noli-pulsed operat ion based on 

A10. F1m-L SYSTEM H I G H  FREQUENCY STABILITY DECAY RATE BASED ON TIE  

-.. M i!C)D OF T)YIEik:A (FUNCTION f941 
Function f24 i s  the  f u e l  system high frequency s t a b i l i t y  decay r a t e  

based on t h e  method of  Dykema, Reference A 7 .  

decay r a t e s  of  s e l e c t e d  long i tud ina l  and t r ansve r se  mode combinations 

are computed. 

The c h a r a c t e r i s t i c  

The Dykema method provides  

"A s impl i f i ed  engineer ing approach t o  t h e  ana lys i s  of 
high frequency combustion i n s t a b i l i t y  i n  l a r g e  liquid 

rocke t  engines.  The approach stems from t h e o r e t i c a l  

cons idera t ion  of pressure  and time dependent d rop le t  

combustion. There results a dimensionless c o r r e l a t i n g  

parameter c a l l e d  a s t a b i l i t y  number (N, )  which essen- 

t i a l l y  r ep resen t s  t h e  dimensionless r a t i o  of  a charac- 

t e r i s t i c  molecular d i f fus ion  t i m e  t o  a c h a r s c t e r i s t i c  

acous t ic  t i m e .  S tab le  arid uns tab le  ranges of Ns a r e  

def ined,  and Ns i s  reduced and s i m p l i f i e d  t o  common, 

r e a d i l y  measurable engineer ing terms involving the  i n -  

j e c t o r  o r i f i c e  p a t t e r n  ( s i z e  and number of  o r i f i c e s ) ,  

t h e  frequency of  t he  acous t i c  modes , chamber pressure  , 
and prope l l an t  flow rate. I' 

All. OXIDIZER H I G H  FRE$UENCY STABILITY DECAY RnTE BASED ON THE METHOD 

OF DYKEMA (FUIlCTIOM f ) 
2 5- 

Function f 

method of Djkema, Reference R 7 .  
i s  the  high frequency s t a b i l i t y  decay r a t e  based on the  

25 
The c h a r a c t e r i s t i c  decay rates o f  

A6 



s e l e c t e d  combinations of longi tudina l  and t r ansve r se  modes a r e  

computed. The Dylrema method i s  summarized i n  Section A l O .  

Al2. STABILrTY DECAY Rf'Ci"i' FASED Oil SEIL'SITIIT 7'JM.E LAG KODEL FOR 

Function f, i s  the  s t a b i l i t y  decay r a t e  c h a r a c t e r i s t i c  based on 

t h e  s e n s i t i v e  t i m e  l z g  madel f o r  a l o n g i t u d i n a l  mode, Reference A6. 

The cor re la t i -on  equations for t h e  i n t e r a c t i o n  index developed by 

Reardon of Aerojet  i s  incorporated i n  t h e  model .  

based on t h e  eigenvalues of Equat,ion (3.01.20) of Reference A6. 

26 

Decay rates a r e  

= ~[(l - y n )  + 1-Be2' 

1+Ee2' 
( 3.01.20) 

The so lu t ion  i s  subdivided i n t o  

a. 

b. 

c .  Storable  p rope l lvz t s  

Non-hypergolic propel laxt  w5th coaxia l  i n j e c t i o n  

Non-hypergolic propel lan t  with non-coaxial i n j e c t i o n  

Al3. STABILITY DECAY RATE EASBD OIJ SENSITIVE TI343 L4G MODEL FOR 

TRANSVERSE MODE (FUXCTICT! f;)7) - 
Function f 

s e n s i t i v e  time l a g  model of Reference A8. Decay r a t e s  a r e  based on 

modif icat ions to t h e  c h a r a c t e r i s t i c  Equations (28) of Reference A8.  

i s  the  s t a b i l i t y  decay rate c h a r a c t e r i s t i c  based on t h e  
27 

h P + h 2 = 0  1 

JO 
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A s  i n  Function f t h e  model i s  spec ia l i zed  f o r  
26 

a. 

b. 

c. Etorable p rope l l aq t s  

Non-hypergolic propel lan t  w i t h  coaxial  i n j e c t i o n  

Eon-hypergolic propel lan t  with non-coaxi a1 i n j e c t i o n  

Al4. STABILITY DECAY RATE BASED 3hr THE RESPONSE FUKCTION APPROACH OF 

LEWIS RESEARCH CEHTER (I; 'UNCTION f p d  

Function fZ8 i s  the  decay r a t e  determined from t h e  acous t i c  wave so lu t ions  

of P r i e m  and  Rice,  Reference A9. 
are determined by Reference A10. Response functions for  gaseous p rope l l an t s  

a r e  determined by Reference All. 

Response func t ions  f o r  l i q u i d  p rope l l an t s  

P15. STABILITY CHARACTERISTIC BASED ON THE NON-LINEAR AII'LlLYSIS OF 

PRIEM AI?D GUENTE?T ( PlJi'JCTION f291  
Function f 

and Guentert , Reference Al2. 

i s  t h e  decay r a t e  based on t h e  non-linear ana lys i s  of  Priem 
29 

"Regions of combustion i n s t a b i l j - t y  i n  rocke ts  a r e  ca l cu la t ed  

from a non-linear theory t h a t  considered t h e  combustor t o  

be an annular s ec t ion  with very s m a l l  th ickness  and l eng th .  

Two models a r e  used t o  determine t h e  l o c a l  burning r a t e .  

One assumes t h a t  t he  burning r a t e  i s  equal  t o  t h e  vapori-  

za t ion  r a t e ;  t h e  o the r  assumes t h a t  t h e  burning r a t e  i s  

equal  t o  the  chemical-reaction r a t e .  

a f i n i t e  dis turbance i s  requi red  t o  produce i n s t a b i l i t y .  

The i n s t a b i l i t y  regions a r e  found t o  be a funct ion of  

s eve ra l  design parameters and t o  be i n s e n s i t i v e  t o  t h e  

The r e s u l t s  show t h a t  
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a c t i v a t i o n  energy, specif ic-heat  r a t i o ,  and order  of  

reacl  i on  of  t h e  propel lants .  

rncj{,:l i s  more sensitive t o  a pressure  dis turbance f o r  

design parameters corresponding t o  condi t ions encountered 

i n  l a r g e  conbustors. The chemical-reaction-rate model 

i s  more s e n s i t i v e  t o  a pressure dis turbance f o r  condi t ions  

corresponding t o  s m a l l  rescarch combustors. Wave shapes 

mid c h a r a c t e r i s t i c s  ere determined f o r  various condi t ions.  ” 

The vapor iza t ion  r a t e  

~ 1 6 .  ERGINE DESIGN NTD CO!PLEXI”Y CHARACTERISTICS 

The remaining funct ions i n  Figure Al are s t ra ight forward  engine design 

and complexity f a c t o r s .  

f31 

f32 

i s  t h e  f u e l  pressure  drop c h a r a c t e r i s t i c  

b 

i s  t h e  ox id ize r  pressure  drop c h a r a c t e r i s t i c  

f41 i s  t h e  number of f u e l  plus  ox id i ze r  ho les  c h a r a c t e r i s t i c  

is t h e  volume of t h e  oxid izer  dome c h a r a c t e r i s t i c  f42 

fh3  i s  t h e  volume of  t h e  f u e l  dome c h a r a c t e r i s t i c  

i s  t h e  l eng th  of  t he  oxid izer  ho les  c h a r a c t e r i s t i c  *44 

i s  t h e  l eng th  of t h e  f u e l  ho les  c h a r a c t e r i s t i c  *45 

f46 i s  an in jec tor - type  complexity c h a r a c t e r i s t i c  

f is t h e  chamber length  chsra l3 te r i s t ic  
51  



fSl 
i s  t h e  chamber d i a m t e r  c h a r a c t e r i s t i c  

f is t h e  mixture ratio c h a a c t e r i s t i c  
7 1  
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APPENDIX B 

DIRECTED RNJDOTII RAY SEARCH 

1 '. 

This search proceeds along a succession o f  random rays d i s t r i b u t e d  

about a b e s t  estimate of  t h e  gradient  vec tor .  "he search  can be 

used i n  combination with t h e  p a t t e r n  search  acce le ra t ion  procedure 

of t h e  AESOP program. 

The best  grad ien t  vec to r  es t imate ,  E, i s  based on 

"old' na t ion  o f  t h e  o l d  grad ien t  vector- estimate, 

search s tep  d i r e c t i o n  which improved performance, 

- 
a weighted combi- 

and t h e  la tes t  

R '  . - 

The search s t e p  d i r e c t i o n s  explored are based on a weighted combi- 

na t ion  of t h e  b e s t  gradient  vector  estimate, R ,  and a small random 

v e c t o r ,  r. 

On problems involv ing  a pronounced r idge  i n  t h e  c o n t r o l  space,  t h i s  

search w i l l  prove e f f i c i e n t .  Once t h e  approximate d i r e c t i o n  o f  t h e  

r idge  i s  e s t ab l i shed  by a performance improvement, t h e  random r a y s  

are focused i n  t h e  genera l  d i r e c t i o n  of t h e  r i d g e ,  and excursions 

ou t s ide  t h e  region o f  improvement t end  t o  be minimized. 

i s  s e n s i t i v e  t o  t h e  weighting constant  va lues  UR and VR. 
a study of t h e  Rozenbroclr Valley problem, nominal va lues  of  WR = 5.0 

and UR = 2.5 are recommended. 

The search  

Based on 

B1 



It should be noted t h a t  while t h e  d i r e c t e d  random ray  search  proves 

e f f e c t i v e  when an approximate r idge  d i r e c t i o n  i s  def ined ,  Figure 131, 

it may prove wholly i n e f f e c t i v e  when t h e  r idge  abrupt ly  changes 

d i r e c t i o n ,  I3.gure 132, or  when acqu i s i t i on  or  a r idge  r e q u i r e s  a 

l a rge  d i r e c t i o n a l  change, Figure B3, To avoid convergence failure 

i n  these  l a s t  two s i t u a t i o n s ,  t h e  weight icg cons t an t ,  U,, which 

focuses the  random rays must be adapt ive ly  determined. 

progress  proves impossible f o r  a given value of UR, t h i s  wekghting 

constant  nust  be decreased. 

uniform random ray search which permits an abrupt  change of  search  

d i r e c t i o n .  Following establ ishment  of  a new search  d i r e c t i o n ,  t h e  

random r:ys a r e  refocused along the new approximate r idge  d i r e c t i o n  

by an inc rease  i n  UR. 

rmdom raxs i s  included i n  t h e  AESOP code. 

When f u r t h e r  

A s  U r  -t 0 ,  t h e  search  approaches t h e  

Logic t o  focus and defocus t h e  d i r e c t e d  

B2 



Figure 13.1, Directcd Ikmdom Ray Search Rchavior Along a Ridge / 

Figure B . 2 .  i3ehavj.o~ of Directed Random Ray Search a t  Abrupt 
Ridge 1)i.rection Change 

R2nGc.n Ray Fan 



WEIGBTING I~ACTOR CONSTAI\ITS USED FOR 
THE SAWLE CASE OF Ti33 15,000 LBF ENGIHE 

%,I = 150.0 

AFII = 200.0 

*FIII  = .00069 

AFIV = .0395 

AFV = 40.5 

AFVI = 35.0 

= 66.0 *FVII 

BFI = 1 .0  

BFII = 0.0 

= 1.8 B F I I I  

BFIV = 2.0 

BFV = 1.86 

BFVI = 2.0 

Constant of t h e  performance c h a r a c t e r i s t i c  i n  
t h e  r a t i n g  equation. 

Constant of t h e  s t a b i l i t y  c h a r a c t e r i s t i c  i n  
t h e  r a t i n g  equat ion.  

Constarit of t h e  p re s su re  drop c h a r a c t e r i s t i c  
i n  t h e  r a t i n g  equat ion.  

Constm-t of t h e  i n j e c t o r  complexity c h a r a c t e r i s t i c  
i n  t h e  r a t i n g  equat ion.  

Constant of t h e  chamber l e n g t h  c h a r a c t e r i s t i c  

Constant of t h e  chamber diameter c h a r a c t e r i s t i c  

Constaqt of t h e  mixture r a t i o  c h a r a c t e r i s t i c  i n  
t h e  r a t i n g  equation. 

.. . .____ - - -. 

Exponent i a1 on t h e  cer f ormance charac t  e r i  s t i c 
i n  t h e  r a t i n g  equat ion.  

Exponential on t h e  s t a b i l i t y  c h a r a c t e r t s t i c  i n  
t h e  r a t i n g  equat ion.  

Expoiiential on t h e  p re s su re  drop c h a r a c t e r i s t i c  
i n  t h e  rating equation. 

ExponeEtial on t h e  i n j e c t o r  complexity charac- 
t e r i s t i c  i n  t h e  r a t i n g  equat ion.  

Exponential  on t h e  chamber l eng th  c h a r a c t e r i s t i c  

Exponential  on t h e  chamber diameter c h a r a c t e r i s t i c  

c1 



= 1.16 BFVI I 

CFII = .1 

= 0 . 0  f l l  a 

a = 1 . 0  f12 

= 1.0 
f13 

a 

= .01 af 14 

= .01 “f15 

af = 1 .0  20 

= 1.0 r 2 1  a 

= 1.0 f 22 a 

= 0.0 
f23 

a 

= 0.0 f 24 a 

= 1.0 
f25 

a 

af26 = 1 .0  

= 1.0 
f 27 

a 

Expment i a l  on t h e  mixture r a t i o  c h a r a c t e r i s t i c  
i n  t h e  r n t i n g  q u a t i o n .  

Exponential  on t h e  s t a b i l i t y  C h a r a c t e r i s t i c  
i n  t h c  r z t i g g  equat ion.  

C o n s t a t  i n  t h e  performance c h a r a c t e r i s t i c  
equation. 

Constant i n  t h e  performance c h a r a c t e r i s t i c  
equat ion.  

Constant i n  t h e  performance c h a r a c t e r i s t i c  
equat ion.  

Constant i n  t h e  performance c h a r a c t e r i s t i c  
equat ion.  

Constant i n  t h e  performance c h a r a c t e r i s t i c  
equat ion.  

Constant i n  t h e  combustor s t a b i l i t y  c h a r a c t e r i s t i c  
equat ion.  

Constant i n  t h e  combustor s t a b i l i t y  c h a r a c t e r i s t i c  
equat ion.  - 
Coiis:..ant i n  t h e  combust or s t a b i l i t y  char  a c t  e r i s  t i c 
equat ion.  

Constant i n  t h e  combustor s t a b i l i t y  c h a r a c t e r i s t i c  
equat ion.  

Constant i n  t h e  combustor s t a b i l i t y  c h a r a c t e r i s t i c  
equat ion.  

Constant i n  t h e  conbustor s t a b i l i t y  c h a r a c t e r i s t i c  
equat ion.  

Constant i n  t h e  combustor s t a b i l i t y  c h a r a c t e r i s t i c  
equat ion.  

Constant i n  t h e  combustor s t a b i l i t y  c h a r a c t e r i s t i c  
equat ion.  
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= 1.0 f28 a 

= 1.0 
f29 

a 

= 2.0 
f 31 

a 

= 1.0 
f32 

a 

= .oog 

= .125 

= .125 

f41  

f 4 2  

f 4  3 

a 

a 

a 

af44 = 5.625 

= 4.16 af45 

af46 = 0.0 

= 1.0 

= 1.0 

af51 

f 52 
a 

= 1.0 

af62 = 1.0  

afGl 

= 4.0 
f71 

a 

bf71 = 5*06 

= 2.0 
f 72 a 

Cons t RI! t i n  t h e  c onbus tor s t a b  i 1 it y charac te r  i s t i c 
e q u a t i m .  

Cons t ai 1 t i n  t h e  c ornbus t or s t a b i l i t y  char  ac t e ri s t i c 
equat ion.  

. . . . . . . . . .  _ -.-.- 

Constnnt i n  t h e  f u e l  p re s su re  drop c h a r a c t e r i s t i c  
equat ic,n . 
Constailt i n  t h e  ox id ize r  pressure drop c h a r a c t e r i s t i c  
equation 

.. . .  __ ._ - __ ..._._I_ ........ ........ . .... 

Constant for  t h e  i n j e c t o r  o r i f i c e  number. 

Constant for t h e  ox id ize r  dome volume. 

Constant ' f o r  t h e  f u e l  dome volume 

Constant f o r  t h e  length  o f  t h e  ox id ize r  o r i f i c e s .  

Constant for t he  length  o f  t h e  f u e l  o r i f i c e s .  

Constant for t h e  i n j e c t o r  type complexity. 
- - - __-__ - ___ 

Constant f o r  t h e  chfimber length  c h a r a c t e r i s t i c  

Exponential on the  chamber length  c h a r a c t e r i s t i c  
- -- - 

Constant f o r  t he  chamber diameter c h a r a c t e r i s t i c  

Experiential on the  chamber d icmeter  c h a r a c t e r i s t i c  

-- - - - - .- - -  - 
Constant f o r  t he  mixture r a t i o  c h a r a c t e r i s t i c .  

Constant f o r  t h e  mixture r a t i o  c h a r a c t e r i s t i c .  

Exponential on the  mixture r a t i o  c h a r a c t e r i s t i c  
equat ion.  
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